We study molybdenum disulfide (MoS 2 ) structures generated by folding single-layer and bilayer MoS 2 flakes. We find that this modified layer stacking leads to a decrease in the interlayer coupling and an enhancement of the photoluminescence emission yield. We additionally find that folded single-layer MoS 2 structures show a contribution to photoluminescence spectra of both neutral and charged excitons, which is a characteristic feature of single-layer MoS 2 that has not been observed in multilayer MoS 2 . The results presented here open the door to fabrication of multilayered MoS 2 samples with high optical absorption while maintaining the advantageous enhanced photoluminescence emission of single-layer MoS 2 by controllably twisting the MoS 2 layers.
Introduction
Single-layer molybdenum disulfide (MoS 2 ) has emerged as a prospective complementary material to graphene because, unlike graphene, it has a large intrinsic direct bandgap [1] [2] [3] . This makes monolayer MoS 2 an attractive alternative for applications such as: logic circuits [4] [5] [6] , photodetectors [7] [8] [9] [10] [11] [12] [13] [14] , light emitters [15] [16] [17] and solar cells [18, 19] . Recent studies on the optoelectronic properties of single-layer MoS 2 have also shown interesting phenomena including the photogeneration of charged excitons [20] and valleyselective circular dichroism [21] [22] [23] . Nevertheless, the case of multilayer MoS 2 is different as it is an indirect bandgap semiconductor [24] [25] [26] [27] [28] , making it less attractive for optoelectronic applications. The direct bandgap nature of single-layer MoS 2 is very fragile as the interlayer coupling between just two MoS 2 layers is strong enough to turn the bilayer MoS 2 into an indirect bandgap semiconductor [24, 25] . This thicknessdependent direct-to-indirect bandgap transition has strong consequences in the photoluminescence emission of MoS 2 : while single-layer MoS 2 presents a large photoluminescence yield, the multilayer MoS 2 photoluminescence emission is quenched [24, 25] . 
Experimental

Sample fabrication
Twisted MoS 2 structures can be fabricated by folding MoS 2 layers as they present excellent mechanical properties that allows one to deform the MoS 2 layers in extreme ways without breaking them [29] [30] [31] . In order to generate folds in the MoS 2 layers we transfer MoS 2 flakes by mechanical exfoliation onto an elastic substrate (Gelfilm® by Gelpak) previously stretched by about 100%. Subsequently the strain is suddenly released thereby generating wrinkles in the MoS 2 layers through buckling-induced delamination [32, 33] . Interestingly, for single-layer and bilayer MoS 2 these wrinkles are not stable due to their reduced bending rigidity and they tend to collapse forming bifolds (see the sketch in Fig. 1(a) and the optical image in Fig. 1(c) ). We also found that the edges of single-layer flakes tend to fold after the sample fabrication process (see Figs. 1(a) and 1(d)). We consider this approach to induce cleaner folded structures than other techniques previously used to generate folded graphene such as water flushing the fabricated samples to induce the folds [34, 35] . In that case the water flushing may lead to adsorbate layers between the folded layers, hampering the interpretation of the data. Moreover these techniques, which rely on partially folding the edge of the flakes, can only fabricate simply folded structures. Our technique also offers the possibility of fabricating bifolded structures by collapse of the wrinkles induced during the fabrication process.
In the folded regions, the MoS 2 layers are not stacked following the normal AB stacking, i.e., the MoS 2 layers are twisted (see Fig. 1 (b) and the Electronic Supplementary Material (ESM)). Using this fabrication process, we have fabricated folded single-layers (hereafter denoted by 1L+1L), bifolded single-layers (1L+1L+1L) and bifolded bilayers (2L+2L+2L). For our experiments, we use selected folds and bifolds wider than 2 μm to ensure that the laser spot (400 nm in diameter) only probes the twisted regions, and also avoid laser spot positions close to the edges of the folds where the mechanical strain can alter the optoelectronic properties of MoS 2 [32, [36] [37] [38] [39] [40] [41] [42] .
Optical microscopy
MoS 2 sheets were identified under an optical microscope (Olympus BX 51 equipped with a Canon EOS 600D camera) [43] . As the employed elastic substrates are transparent, one can employ transmission mode optical microscopy to determine the number of MoS 2 layers. In a previous work we found that the transmittance (T) of MoS 2 flakes up to ten layers thick depends Nano Res. 2014, 7(4): 572-578 on the number of layers (N) as T = 100 -5.5N (see the Electronic Supplementary Material (ESM) of Ref. [32] ). We found that the transmittance measured for folded (1L + 1L) and bifolded (1L + 1L + 1L and 2L + 2L + 2L) samples is in good agreement with the transmittance measured for pristine (perfectly AB stacked) 2L, 3L and 6L respectively (see Fig. S4 in the ESM).
Raman spectroscopy and photoluminescence
A Renishaw inVia system was employed to perform simultaneous micro-Raman spectroscopy and photoluminescence measurements on the fabricated twisted MoS 2 structures. The system was used in a backscattering configuration excited with visible laser light (λ = 514 nm). The Raman and photoluminescence spectra were simultaneously collected through a 100× objective (NA = 0.95) and recorded with 1,800 lines/mm grating providing the spectral resolution of ~1 cm -1 .
To avoid laser-induced modification or ablation of the samples, all spectra were recorded at P ~500 μW which has been found to be low enough power to prevent laser-induced damage [44] [45] [46] . Note that the use of Gelfilm® substrate provides an enhanced photoluminescence signal with respect to conventionally used SiO 2 /Si substrates [47] which is advantageous for photoluminescence studies. Moreover, the photoluminescence spectra of samples fabricated onto Gelfilm® presents reduced doping level in comparison to samples prepared on SiO 2 . This reduced doping level yields photoluminescence spectra very similar to that of MoS 2 samples on boron nitride or freely suspended (see Fig. S2 in the ESM).
Results and discussion
Raman spectroscopy has proven to be a powerful tool to characterize atomically thin materials [48] and it has been previously used to characterize atomically thin MoS 2 layers [49] . In the Raman spectrum of MoS 2 there are two prominent peaks corresponding to the E 1 2g and the A 1g vibrational modes. In the E 1 2g mode, the Mo and S atoms oscillate in anti-phase and parallel to the surface plane (see scheme in the inset in Fig. 2(a) ). In the A 1g mode, the S atoms oscillate in anti-phase perpendicularly to the surface plane while the Mo atoms remain static. It has been shown that the frequency difference between these two Raman modes increases monotonically with the number of layers [49, 50] . For single-layer MoS 2 , which is not subjected to any interlayer interaction, the frequency difference between the E . For bulk MoS 2 , the layers feel the interaction of many other MoS 2 layers yielding a frequency difference of 25.5 cm -1 . Therefore, the frequency difference between the E 1 2g and the A 1g peaks can also be used to estimate the strength of the interlayer coupling.
In Fig. 2 , the Raman spectrum obtained for folded monolayer MoS 2 (1L+1L) is compared with results acquired for pristine single-layer and bilayer MoS 2 because they can be considered as two limiting cases: a system without interlayer coupling and one with the interlayer coupling due to the perfect AB stacking of the two MoS 2 layers. The folded single-layer MoS 2 shows a frequency difference between the E 1 2g and the A 1g that lies in between the one measured for 1L and 2L MoS 2 . This indicates that the 1L+1L layer has a reduced interlayer coupling with respect to the perfectly stacked 2L MoS 2 . We also systematically observed a blueshift of the E 1 2g that may be due to a change in the strain of the layer [51, 52] . Similar results have been found for bifolded single-layer (1L+1L+1L) Nano Res. 2014, 7(4): 572-578 and bifolded bilayer (2L+2L+2L) MoS 2 (see the ESM).
For all the studied cases (1L+1L, 1L+1L+1L and 2L+2L+2L), the frequency difference between the Raman modes lies between the limiting cases. This indicates that the twisted MoS 2 layers exhibit a reduced interlayer coupling in comparison to the case of perfectly stacked layers. The reduction of the interlayer coupling, however, is not enough to consider them as completely independent layers. Figure 3 summarizes the measured frequency difference between the E 1 2g and the A 1g Raman modes for pristine layers (perfect stacking) and for 1L+1L, 1L+1L+1L and 2L+2L+2L MoS 2 layers. The frequency difference is systematically lower for the folded layers than for their perfectly stacked counterparts. Nonetheless, we have found dispersion on the values measured for different folded and bifolded layers which we attribute to difference in the twisting angle which may lead to different interlayer coupling.
Photoluminescence measurements have been used to study the band structure of atomically thin MoS 2 [24] [25] [26] 53] . The photoluminescence spectrum of MoS 2 presents prominent peaks around 630 nm and 670 nm which correspond to the B and A excitons. For single-layer MoS 2 , the A exciton peak is composed of two peaks corresponding to the contribution of both charged (labeled as A -, occurring at ~655 nm) and neutral excitons (labeled as A, occurring at ~670 nm) to the photoluminescence emission. On the other hand, multilayered MoS 2 does not show a contribution due to charged excitons yielding a single A exciton peak. Furthermore, multilayer MoS 2 presents an extra peak at lower energy (between 790 nm and 1,000 nm, depending on the number of layers) corresponding to the indirect bandgap transition (labeled as I). Figure 4 shows the spectrum measured for folded single-layer MoS 2 compared to the limiting cases (1L and 2L MoS 2 ). Similar measurements for bifolded single-layer and bilayer MoS 2 can be found in the ESM. The photoluminescence spectra have been normalized to the E 1 2g Raman peak intensity to account for the fact that thicker MoS 2 layers absorb more excitation light as the photoluminescence yield is expected to be proportional to the absorbed excitation (see Fig. S3 in the ESM). The folded MoS 2 monolayer shows an enhanced photoluminescence emission of the A exciton in comparison to pristine 2L MoS 2 (1.7 to 4.1 times larger) 1 . Moreover, the A exciton peak is composed of two Lorentzian peaks, indicating that both neutral and charged excitons contribute to the photoluminescence emission, similarly to the case of pristine 1L MoS 2 [20] (see the ESM for more detailed analysis of the photoluminescence spectra). These two observations (enhanced photoluminescence and a contribution of charged excitons to the photoluminescence yield) indicate that a twisted MoS 2 bilayer presents a reduced interlayer coupling with respect to perfectly AB stacked bilayer MoS 2 , a conclusion consistent with the one obtained from the Raman studies. Moreover, the folded single-layer MoS 2 exhibits an indirect bandgap transition with higher energy than that of pristine bilayer MoS 2 , as indicated by the blueshift (20 nm) of the I excitonic peak.
We have found that for all studied samples (four 1L+1L, three 1L+1L+1L and five 2L+2L+2L samples), the photoluminescence intensity always show an enhancement of up to a factor of five in comparison to their perfectly stacked counterparts (see Fig. 5 ). This result provides further proof that folded and bifolded MoS 2 layers exhibit a reduced interlayer coupling, in agreement with the conclusions obtained from the Raman spectroscopy and the analysis of the excitonic peaks of the photoluminescence spectra of folded single-layer MoS 2 . 
Conclusions
MoS 2 structures with twisted layers have been fabricated by folding pristine layers via an all dry process involving pre-stressed elastic substrates. Raman spectroscopy measurements indicate that the interlayer coupling strength is reduced due to the twisting. The photoluminescence spectra of twisted 1L (both folded and bifolded 1L) shows the contribution of neutral and charged excitons: the presence of charged excitons has only been observed in singlelayer MoS 2 . Moreover, the photoluminescence spectra of twisted layers presents a peak corresponding to an indirect bandgap transition with smaller energy than that expected for perfectly stacked layers. In addition, photoluminescence emission yield is larger than that of perfectly stacked layers (by up to a factor of five). These observations all point at a modification of the interlayer coupling, and thus the band structure, by altering the natural stacking in MoS 2 .
More specifically, the interlayer coupling is reduced with respect to layers with optimal coupling and in many aspects twisted layers behave more like singlelayer MoS 2 
